tion as fillers with potential for use in many applications due to their remarkable physical, chemical, and electrical properties. CNT-and CNF-reinforced epoxy nanocomposites have shown improved mechanical, electrical and thermal properties [2] [3] [4] [5] . However, the high cost of CNTs and CNFs and the poor dispersion in the epoxy limits their range of practical applicability. Currently, graphite oxides, which consists a layered structure of graphene oxide (GOs) sheets and can be completely exfoliated to produce aqueous colloidal suspension of GO sheets by simple sonication in aqueous and organic solvents, have received considerable amount of attention in the area of polymer nanocomposites due to their inexpensive
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Effects of graphene oxides on the cure behaviors of a tetrafunctional epoxy resin and feasible substitute for CNTs and CNFs [6] [7] [8] [9] [10] . GOs, which have been demonstrated containing many epoxy groups [11] , might make an ideal filler for epoxy resin which also contains epoxy groups, on the basis of the principle of dissolution in a similar material structure. Recently, Yang et al. [12] prepared GO/epoxy nanocomposites through twophase extraction. Great improvements in mechanical properties such as compressive failure strength and toughness have been achieved for the chemically converted GO/epoxy resin for a 0.0375 wt% loading of chemically converted GO sheets in epoxy resin by 48.3 and 1185.2%, respectively. The study of the cure kinetics is of great importance in epoxy curing process. In particular, the study of the cure reactions of epoxy as a function of the processing conditions, from a kinetic point of view, is very important for the analysis and design of processing operations. Differential scanning calorimetry (DSC) may be considered as one of the most interesting techniques for kinetic analysis of cure reactions of thermosetting systems [13] [14] [15] . Numerous studies on cure kinetics of epoxy in presence of carbon-based nanofillers have been investigated [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Recently, Allaoui and El Bounia [16] had reviewed the influence of CNTs on the cure kinetics of epoxy resin. Our previous studies showed that the addition of CNTs could accelerate the cure reaction of epoxy resin, while CNFs had only a negligible effect on the cure kinetics of the epoxy [17, 18] . Abdalla et al. [19] investigated the effect of carboxyl and fluorine surface modification of multiwalled carbon nanotubes (MWCNTs) on the cure behavior of epoxy resins with the modified CNTs, and reported that the activation energy and rate constant were not affected by the fluorine modification whereas the resins with carboxylated MWCNTs exhibited an increase in the activation energy and a lower rate constant for the cure reaction. Zhou et al. [20] [21] [22] studied the effects of MWCNTs and carboxylic functionalization of MWCNTs on the cure reaction of epoxy. They reported that MWCNTs had an accelerating effect in the initial curing stage, whereas in the later curing stage, MWCNTs prevented from the occurrence of vitrification [20] . However, carboxylic functionalization of MWCNTs did not change the autocatalytic cure reaction mechanism of epoxy nanocomposites and had catalytic effect on the curing process [21, 22] . Jana and Zhong [23] found that expanded graphite (EG) did not significantly impede the cure reaction of epoxy. Guo et al. [24] reported that at lower concentrations (1 phr) of EG, compared with the curing activation energy (E ! ) of the neat epoxy resin, the composite with EG had a lower E ! before the gelation and a higher E ! after the gelation. At higher concentrations of EG, however, in the whole conversion range, the composite with EG showed a higher E ! compared with the neat epoxy resin. The tetrafunctional epoxy resin tetraglycidyl-4,4'-diaminodiphenylmethane (TGDDM) cured with the aromatic diamine 4,4'-diaminodiphenylsulfone (DDS), is one of the most widely employed matrices for the production of high performance fiber composites in the aircraft and spacecraft industries. The attractive features of this thermosetting resin are its low density combined with high tensile strength and modulus, and a very high glass transition temperature combined with good thermal and chemical resistance [26] . In present work, GO prepared with Hummers method was incorporated into the tetrafunctional epoxy systems as carbon-based nanofiller. Dynamic DSC was used to investigate the influence of GOs on the cure reaction of TGDDM/ DDS nanocomposites. Furthermore, the thermal stability and morphology of GO/epoxy nanocomposites were studied.
Experimental 2.1. Materials
The epoxy resin used in this study was TGDDM, AG80, with a weight per epoxy equivalent of 120 g/equiv., from Shanghai Synthetic Resin Institute (Shanghai, China). The curing agent was DDS, with a molecular mass of 248.31 and purity >99% according to the supplier, Petroleum and Chemical Factory of Fudan University (Shanghai, China). Natural graphite flakes, supplied by Guyu Graphite Co. Ltd. (Qingdao, China), is 80 mesh, equal to 250 µm.
Sample preparation
GO was obtained by harsh oxidation of the graphite flakes according to the Hummers method [27] . After purification, the product was put in a vacuum desiccator for a week. The final product was added to ethanol and sonicated until it became clear with no visible particulate matter. The suspension was then added to TGDDM resin and sonicated for 2 h. Subsequently, the ethanol was evaporated off by heating the mixture on a magnetic stir plate using a Teflon-coated magnetic bar for 3 h at 70°C. Next, the mixture was placed in a vacuum chamber for 12 h at 70°C to ensure that all of ethanol had been removed. Then, the mixture was placed in an oil bath at 120°C and a stoichiometric amount of DDS was slowly added, under continuous mechanical stirring, until a homogeneous mixture was observed which took about 10 min. Several DSC aluminum pans were filled with the reaction mixture. The samples (~10 mg) were then cooled and stored in a freezer until required. The weight fractions of GOs in the TGDDM/DDS system were 1, 2 and 5 wt %, respectively.
Characterization
The Fourier-transform infrared (FT-IR) spectra of the natural graphite flakes and GO were recorded on a Nicolet iS10 FT-IR spectrometer using the attenuated total reflectance (ATR) technique (Thermo Scientific, USA). The spectrum was scanned 64 times at a resolution of 4 cm -1 . The analyses of the X-ray photoelectron spectra (XPS) were carried out on a ESCALAB 250 X-ray photoelectron spectroscope (Thermo Scientific, USA) equipped with a monochromatic Al K ! (1486.6 eV) source and a pass energy of 20 eV. A Pyris 1 DSC (PerkinElmer, USA) was used for the dynamic curing experiments and data analysis under an argon flow of 20 ml/min. The dynamic DSC experiments were conducted at heating rates of 2.5, 5, 10, and 20°C/min over a temperature range of 50-300°C. The reaction was considered to be complete when the rate curve leveled off to a baseline. The total area under the exothermal curve, based on the extrapolated baseline at the end of the reaction, was used to calculate the total heat of reaction, "! [J/g]. Thermogravimetric analysis (TGA) was completed on a Pyris 1 TGA (Perkin Elmer, USA) with a heating rate of 20°C/min under N 2 atmosphere from 25 to 700°C. The fracture surfaces of samples were observed at 10 kV with a field emission scanning electron microscopy (FE-SEM, Hitachi S-4800, Japan). The cured samples were fractured under liquid nitrogen, and then the fractured surfaces were vacuum-coated with a thin gold layer.
Results and discussion 3.1. Characterization of GOs
The high degree of GO oxidation was confirmed by XPS: the survey spectra for pristine graphite and GO (not shown) yielded C/O atomic ratios of 30.7 and 2.3, respectively. Figure 1 shows the C1s XPS spectra of the pristine graphite and GO. The narrow, asymmetric C1s band characteristic of pristine graphite (a) transforms into a complex band showing three maxima for GO (b), as expected, due to the high percentage of oxygen functionalities. The C1s XPS spectrum of graphene oxide (Figure 1b) clearly indicates a considerable degree of oxidation with three components that correspond to carbon atoms in different functional groups: the non-oxygenated ring C (284.5 eV), the C in C-O bonds (286.6 eV), and the carboxylate carbon (O-C=O, 288.5 eV) [28] . The FT-IR spectra of the pristine graphite and GO are presented in Figure 2 . The baselines of FT-IR spectra of conducting materials have a tendency to tilt. Since graphite is a conducting material, the baseline is slanted [15] . From the spectrum of pristine graphite it is obvious that there was a negligible amount of hydroxyl, C=O, or C-O groups in the pristine graphite. The most prominent features in the spectrum of GOs are the adsorption bands corresponding to the O-H stretching vibrations at 3428 cm -1 , the C=O carbonyl stretching at 1733 cm -1 , the phenol C=C ring stretching at 1621 cm -1 , the C-O stretching at 1053 cm -1 , and the C-OH stretching, presumably from phenols, at 1226 cm -1 . Other researchers also observed similar functional groups [11, 28, 29] . Thus, similar to XPS, FTIR spectra provided the evidence of the presence of different types of oxygen functionalities on the GO material, which could affect the cure reaction of the epoxy resin.
Effects of GOs on the cure reaction
The dynamic DSC curves for the pure GO and GO/ TGDDM/DDS nanocomposites at a heating rate of 20°C/min are shown in Figure 3 . DSC of GO shows one strong extherthomic peak at 166°C, which was caused by the decomposition of the organic groups on the GO sheets and evolution of H 2 O, CO and CO 2 [30] . It is obvious that GO has an accelerating effect on the curing process of TGDDM/DDS nanocomposites with a trend of cure reaction peaks towards lower temperatures. The initial reaction temperature (T i ), exothermal peak temperature (T p ) and "H of GO/epoxy nanocomposites at different heating rates are list in Table 1 . It can be observed that both T i and T p decrease with the increase of GO contents, indicating that the GOs act as catalysts and facilitate the curing reaction and the catalytic effect increases with the GO contents. The enthalpies of GO/epoxy nanocomposites vary with the GO contents, if they are converted to average kilojoules per equivalent of epoxide (Q 0 -), it can be seen that the addition of GO increases the enthalpy of epoxy cure reaction. Furthermore, it can be also observed that no linear relationship of enthalpies between different contents of GO. The influence of carbonbased nano-fillers on the enthalpies of the epoxy cure reaction is different for different nanocomposites. The addition of CNTs [19, 20, 31] and EG [24] decreased the "H of epoxy, whereas CNF had no pronounced effect on the heat of the TGDDM/DDS cure reaction [32] and silanized and polyaniline modified CNFs increased the "H of epoxy [33, 34] . It is believed that the addition of hydroxyl-containing compounds (water, alcohols, phenols, acids) considerably promoted the interaction of epoxy compounds with amines and other nucleophilic reagents [35] . In this case, the epoxy ring carbon atom became more sensitive to nucleophilic attack. The epoxy-oligomer curing with amines had an autocatalytic character due to the accumulation of hydroxyl groups during the reaction. According to recent studies [36] , GOs have their basal planes decorated mostly with epoxide and hydroxyl groups, in addition to carbonyl and carboxyl groups located presumably at the edges (Lerf-Klinowski model), which agreed well with the results of XPS and FT-IR discussed above. Gao et al. [37] proposed that GO contains ketones, 6-membered lactol rings, and tertiary alcohol in addition to epoxide and hydroxyl groups. Therefore, it can be concluded that these different types of oxygen functionalities on the surface of GOs are considered as catalysts to accelerate the cure reaction between epoxide and amine groups. Figure 4 shows the conversions of reaction (") as a function of temperature for neat epoxy and GO/epoxy nanocomposites at a heating rate of 20°C/min. It can be observed that all curves show a sigmoidal form, which indicates that the cure reaction of TGDDM/DDS system is autocatalytic in agreement with our previous studies [17, 18] . Consequently, the incorporation of GOs has no influence on the cure reaction mechanism of the TGDDM/DDS system. Notably, from Figure 4 , " of GO/epoxy composite increases with the GO contents and is higher than that of neat epoxy. These results further confirm that GOs act as catalysts in the cure reaction of epoxy and the catalytic effect increases with the GO contents.
Effects of GOs on the activation energy
To further investigate the effect of GOs on the activation energy of TGDDM/DDS system, kinetic analysis of dynamic DSC results was carried out. During a cure reaction, the reaction rate (d"/dt) as a function of time (t) was calculated from the measured heat flow (dH/dt) in dynamic DSC experiments, by Equation (1): (1) where T is the temperature, f(") is the reaction model and k(T) is the rate constant, which follows Arrhenius equation (see Equation (2)):
where A is the pre-exponential factor, E ! is the activation energy and R is the gas constant. Thus, Equation (1) can be replaced by Equation (3): (3) so that the modified form of Equation (3) is given (see Equation (4)):
It is expected that the curve of ln(d"/dt) versus (1/T) would be a straight line with slope E ! /R and an intercept of ln[Af(")]. The data points for each straight line were obtained from dynamic DSC curves at different heating rates considering same fractional conversion of reaction ("). By repeating the procedure, the values of E ! and ln[Af(")] corresponding to different ! were acquired. Figure 5 presents the curves of ln(d"/dt) versus (1/T) for the neat epoxy and the GO/epoxy nanocomposites, respectively. A set of " was considered from the full range of experimental data, i.e. " = 0.05, 0.10, 0.15, …, 0.90 and 0.95. Using linear regression method on each set of data linked to a particular ", the values of E ! and ln[Af(")] were obtained. Figure 6 shows the curve of E ! versus " for the neat epoxy and the GO/epoxy nanocomposites. From the figures it can be seen that for the neat epoxy increases gradually with during the whole curing process whereas E ! increases significantly when " is higher than 0.55, which can be regarded as gel point of the TGDDM/DDS system [38] . Due to the catalytic effect of hydroxyls on the surface of GOs, the incorporation of GOs greatly decreases the activation energy of the neat epoxy during the whole curing process except for the initial stage of 5 wt% GO/epoxy nanocomposites (" < 0.2). Furthermore, E ! of GO/epoxy nanocomposites decrease with the increase of GO content when conversion is greater than 0.5, indicating that higher contents of hydroxyl groups accelerate the interaction between the active reactants in the stage of diffusion control. Namely, the oxygen functionalities of GOs significantly hinder the occurrence of vitrification (diffusion control) of epoxy. In addition, the hindering effect increases with the increase of GO contents due to the increase of hydroxyl groups on the GOs. Figure 7a shows the TGA curves of GO and its epoxy nanocomposites, together with their derivative (i.e. the so-called differential thermogravimetric (DTG) curves, shown in Figure 7b ). For GO, the main mass loss (~30%) takes place around 200°C and is ascribed to the decomposition of labile oxygen functional groups present in the material. There is also a mass loss (~15%) below 100°C attributed to the removal of adsorbed water and a slower, steady mass loss (~20%) over the whole temperature range above 300°C, which can be assigned to the removal of more stable oxygen functionalities. These results agree well with previous reports in the literature for graphite oxide [28, 29] . The initial decomposition temperature (IDT), which is assumed to the temperature of 5 wt% weight loss, is shown in Table 2 . As observed, the addition of GO decreases the IDT of epoxy, which indicates that the existence of GO with oxygen functionalities decreases the thermal stability of epoxy resin, and the IDT of the GO/epoxy nanocomposites decreases the increase of GO contents. Furthermore, it can also be observed that the residues at 580°C increase with the rise of GO contents, because of the more carbon-based nanofillers in the nanocomposites.
Effects of GOs on the thermal stability
As can be seen in the DTG curves (Figure 7b) , the thermal degradation of neat epoxy and GO/epoxy nanocomposites are characterized by a single stage, indicating the addition of GOs has no influence on decomposition process. For GO/epoxy nanocomposites, the main mass loss (~30%) around 200°C of GO disappears, suggesting a good interaction between oxygen functional groups and epoxy. Furthermore, the temperatures of maximum rate of degradation for epoxy and its GO nanocomposites remain fairly constant.
Dispersion of GOs in epoxy resin
Because of epoxide groups in the chemical structures, compatibility of GOs with epoxy and dispersion in the matrix were sigifcantly improved. Figure 8 shows the fracture micrographs of several freeze-fractured specimens. Fine dispersion of GO in the epoxy is observed. Some irregular protuberances are observed on the composite surface and furthermore, their number increases with increasing GO content. The length and thickness of these protuberances are in a scale range from hundreds of nanometers to several microns. The uniform dispersion of GOs in the epoxy matrix results in a strong catalytic effect by the hydroxyls on the GOs lowers activation energy and decreases the thermal stability of epoxy. 
Conclusions
The effects of GOs on the cure reaction, thermal stability and morphology of TGDDM/DDS epoxy resin were investigated with dynamic DSC, TGA and SEM. Curing reactions with four different heating rates were analyzed. Furthermore, the functional groups on the surface of GOs were studied with XPS and FT-IR. XPS and FT-IR results showed the presence of different types of oxygen functionalities on the GO. The conversion of cure reaction versus temperature curves in each epoxy system showed the sigmoidal shape, which indicated that the GOs did not change the autocatalytic curing mechanism of TGDDM/DDS system. With the increase of GO content, the initial reaction temperature and exothermal peak temperature decreased. Moreover, the incorporation of GOs increased the enthalpies of the cure reaction. Results on the GO/ epoxy systems from the activation energy method indicated that the activation energies were all lower than that of the neat epoxy during the whole curing process, except for the lower conversion of 5 wt% GO/epoxy system (" < 0.2). For GO/epoxy nanocomposites, E ! increased with the increase of GO contents in the initial stage of curing process. However, E ! decreased with the increase of GO contents in the latter stage, which indicated that the hindering effect of vitrification for GO/epoxy nanocomposites increased with the increase of GO contents. Therefore, it can be concluded that different types of oxygen functionalities on the surface of the GOs in epoxy significantly catalyzed the cure reaction of the curing process. Furthermore, the catalytic effect increased with the increase of GO contents. The addition of GO decreased the initial decomposition temperature of epoxy, which suggested the existence of GO decreased the thermal stability of epoxy. SEM results showed that GOs was uniformly dispersed in the epoxy due to the existence of epoxide groups on the surface of GOs. 
